Bromodomain protein 4 (BRD4) is an atypical kinase and a histone acetyl transferase (HAT) which plays an important role in chromatin remodeling and early transcriptional elongation. During transcription elongation, BRD4 travels with the elongation complex.
Introduction
The bromodomain protein, BRD4, is a transcriptional and epigenetic regulator that plays a critical role in both cancer and inflammation (1) . In addition to functioning as a passive scaffold that recruits a number of different transcription factors to promoters, BRD4 possesses both histone acetyl transferase (HAT) enzymatic activity and atypical kinase activity (2, 3) . These enzymatic activities allow BRD4 to uniquely coordinate chromatin organization and transcription. Transcriptional activation requires chromatin remodeling through acetylation of nucleosomal histones and chromatin de-compaction around targeted genes. BRD4 HAT activity acetylates both histone tails and the globular domain of histone H3, resulting in nucleosome dissociation and chromatin remodeling at BRD4-target genes (2) . BRD4's intrinsic kinase activity phosphorylates Ser2 of the Pol II carboxy terminal domain (CTD) which hyperactivates Topoisomerase I, releasing the torsional stress imposed by early transcription elongation and facilitating pause release (3, 4) . Thus, BRD4 coordinates chromatin organization and transcription by a stepwise process regulated through its pleiotropic enzymatic activities.
Importantly, phosphorylation of Ser2 of the CTD functions as a docking site for splicing factors (5) . The majority of splicing in mammalian systems is mediated by the U2dependent spliceosome, a multi-megadalton complex that assembles on intronic 5' and 3' splice sites (6) . Components of the spliceosome include the U1-U6 RNPs. The activity of the spliceosome is regulated by a series of trans-acting factors, such as the HnRNP and SR protein families, that function to regulate alternative splicing. Although it was originally thought that alternative splicing largely occurred post-transcriptionally, it is now clear that most alternative splicing events are co-transcriptional (7, 8) . Indeed, the two processes are closely linked and reciprocally regulate each other (9) . RNA polymerase II (Pol II) plays a critical role in regulating alternative splicing, both in recruiting splicing factors and in defining exons. A number of regulators of alternative splicing, such as Fus, bind to the Ser2 phosphorylated form of the Pol II CTD (10) . Elongation of Pol II along the body of the gene contributes to the regulation of alternative splicing (5) . Pausing of Pol II in exons at the 3' splice site allows recognition and processing by the splicing machinery. 4 Splicing is also kinetically regulated by the rate of Pol II elongation, such that changes in the rate of elongation alter the patterns of splicing (5) .
Factors that regulate transcription, such as chromatin remodelers and transcription factors further modulate splicing. Various transcription factors including Mediator, YB1, CTCF and Pu.1 have also been implicated in alternative splicing (11) (12) (13) (14) . Among the chromatin remodelers that contribute to alternative splicing patterns are the histone chaperone FACT and the ATP-dependent SWI/SNF complex (15, 16) . Consistent with chromatin remodelers regulating splicing, nucleosome occupancy contributes to the determination of splicing patterns: Nucleosome density is greater on exons than on introns, thereby defining potential sites of splicing (17) . Finally, histone acetylation and methylation patterns affect splicing patterns (18, 19) .
Given the intimate relationship between splicing, transcription and chromatin structure and the dual functions of many transcription factors in both processes, we considered the possibility that BRD4 contributes to the regulation of alternative splicing.
Lending support to this hypothesis was the finding that the BET protein, BRDT, forms a complex with spliceosome components (20) . Furthermore, a large number of splicing factors, including Fus, U2AF2 and members of the HnRNP and SR families coimmunoprecipitate with BRD4 (21) and BRD4 depletion alters splicing patterns in response to heat shock (22).
Here we report that BRD4 modulates alternative splicing. In vivo deletion of BRD4 during thymocyte differentiation, affected the patterns of alternative splicing in each of the developmental thymocyte subpopulations. Similarly, depletion of BRD4 in T-ALL cells altered patterns of splicing. Using an insulin receptor mini-gene reporter system, cotransfection of BRD4 in HeLa cells led to an altered pattern of mini-gene transcript splicing. Significantly, BRD4 was shown to interact directly with components of the splicing machinery in vitro and to co-localize with them in vivo. Taken together, these findings demonstrate that BRD4 contributes to establishing patterns of alternative splicing.
Results

BRD4 deficiency in thymocytes alters alternative splicing patterns
The finding that BRD4 travels with the transcription elongation complex (23, 24) raised the question of its role during splicing. While BRD4 HAT activity reduces nucleosome occupancy across active genes and its kinase activity promotes transcription (2, 3) , we considered the possibility that it is also involved, directly or indirectly, in RNA splicing. To determine whether BRD4 affects splicing patterns of endogenous genes in vivo, we examined the effect of deleting BRD4 on splicing during thymopoiesis. Our recent studies have identified a unique role for BRD4 in regulating patterns of gene expression during thymocyte differentiation (25). The generation of T cells in the thymus results from the sequential differentiation of a series of thymocyte precursors (Fig. 1A) .
The earliest thymic immigrants from the bone marrow do not express the markers associated with mature T cells, namely the CD4/CD8 coreceptor molecules, and are called Double Negatives (DN). DN thymocytes differentiate into CD4+CD8+ double positive (DP) thymocytes via an immature transitional cell that expresses only CD8 (immature single positive, ISP). DP thymocytes differentiate into the mature CD4+ and CD8+ single positive thymocytes that seed the periphery. BRD4 is expressed in all five subpopulations, at approximately equal levels. Deletion of BRD4 at the DN stage leads to a selective defect in maturation at the ISP stage (25).
To assess the effect of BRD4 on alternative splicing, we analyzed RNA-seq data from either wild-type or BRD4-deficient thymocytes purified at each of these developmental stages (25). As summarized in Fig. 1B , BRD4 deficiency affected alternative splicing patterns in each of the subpopulations. Notably, within the ISP population, there were 241 differences in splicing events between the BRD4-deficient ISP and wild type; splicing event differences also occurred in the other subpopulations as a result of BRD4 deletion. Consistent with BRD4 selectively affecting maturation of the ISP subpopulation (25), the largest differences occurred in that population .
Five different forms of alternative splicing have been defined: skipped exon (SE), alternative 5' (A5SS) or alternative 3' (A3SS) splice sites, mutually exclusive exons (MXE) and retained intron (RI) ( Fig. 1C ). Of these forms, the skipped exon was the predominant 6 form affected by BRD4 deletion in thymocytes, although all of the forms were affected to some extent ( Fig. 1D , Table 1 ). These data demonstrate that BRD4 contributes to splicing of endogenous genes in vivo.
Experimental analysis of the splicing patterns of individual genes within the thymocyte subpopulations validated the differences in splicing derived from the RNA seq data among the wild type subpopulations, as well as between wild type and BRD4deficient cells in the same subpopulation (Fig. 2 ). In wild type thymocytes, exon 5 of CD45 is preferentially included in DN and ISP thymocytes but preferentially excluded in DP and CD4+ thymocytes ( Fig. 2A,B) . Similarly, exon 15 of Arhgef1 is preferentially excluded in all WT subpopulations except in CD8+ thymocytes. Exon 13 of Picalm is preferentially included in all wild type subpopulations except DP ( Fig. 2C -F).
Deletion of BRD4 changes the patterns of splicing of all three genes. For example, the frequency of inclusion of exon 5 of CD45 is increased in DN, ISP and CD4 cells in the absence of BRD4 ( Fig.2A, B 
Loss of BRD4 in T-ALL cells results in changes in splicing patterns
The growth of T cell acute lymphoblastic leukemia (T-ALL) is severely inhibited by either the inhibition of BRD4 binding to chromatin with a small molecule inhibitor, JQ1, or degron-mediated (dBET6) degradation (24). Accordingly, either treatment downregulated a large number of transcripts (24). To determine whether BRD4 regulates splicing patterns in T-ALL, we analyzed the published T-ALL datasets (24). Analysis of the ChIP-seq data reveals that the effect of BRD4 degradation on BRD4 binding to chromatin is markedly greater than that of JQ1 treatment (Supplementary Figure 2 ). Since JQ1 functions by blocking BRD4 binding to chromatin through its bromodomains, these results suggest an association of BRD4 to chromatin independent of its bromodomains.
In particular, JQ1 has relatively little effect on BRD4 binding within the gene body whereas dBET6 eliminates about 90% of the binding, consistent with the interpretation that BRD4 7 functions within the gene body independent of its binding to chromatin through its bromodomains.
Analysis of the T-ALL RNA-seq datasets (24) further revealed that treatment of T-ALL with either JQ1 or dBET6 resulted in large alterations in the splicing patterns ( Figure   3 ). Consistent with its greater effect on RNA expression profiles and more severe growth inhibition of T-ALL cells, dBET6 treatment had a markedly larger effect on the number of splice events than did JQ1, although the overall distributions among the different splice forms were similar ( Figure 3A, B ). Skipped exon events represented over half of the changes resulting from either treatment; the distribution of skipped exon events was fairly even across the metagene (Supplementary Figure 3 ). Mutually exclusive exons represented the second largest category of change ( Figure 3A , B). Alternative splicing events are enriched in genes that are differentially expressed in response to JQ1 or dBET6 ( Figure 3C ). Importantly, alternative splicing events are enriched among genes bound by BRD4 ( Figure 3D ). Analysis of the differentially spliced genes in both dBET6 and JQ1 treated cells shows that cell cycle pathways are preferentially affected (Supplementary Figure 4 ). Taken together, these results demonstrate that BRD4 contributes to the regulation of splicing.
BRD4 modulates splicing of the insulin receptor minigene
We examined the effect of over-expressing BRD4 on the splicing pattern of an insulin receptor (IR) minigene which has been extensively used in splicing studies (26).
The minigene construct, inserted downstream of the CMV promoter, consists of exons 10-12, of which exon 11 is alternatively spliced ( Fig 4A) . Transfection of the IR minigene into HeLa cells results in the generation of two transcripts: a 310 bp RNA containing exons 10-11-12 and a 274 bp RNA containing only exons 10 and 12 ( Fig. 4B ). Co-transfection of the IR minigene with a BRD4 expression construct results in over-expression of BRD4 and an increase in the relative amount of exon 11 inclusion by about 1.5-fold ( Fig. 4B ,C, D). Thus, BRD4 expression correlates with altered patterns of alternative splicing.
BRD4 is known to have two enzymatic activities: a kinase activity that phosphorylates a variety of substrates, including Ser2 of the carboxy terminal domain (CTD) of Pol II and a histone acetyl transferase that acetylates the N-terminal tails of H3 8 and H4, as well as the core lysine, K122, of H3 (2, 3). Since both Ser2 phosphorylation of the CTD and histone modifications can affect splicing, we considered the possibility that the effect of BRD4 on splicing was indirectly through one of these mechanisms. To determine whether either of these enzymatic activities contributed to BRD4-mediated regulation of splicing, HeLa cells were co-transfected with the IR minigene and BRD4 mutants deficient in kinase or HAT activity ( Supplementary Fig. 1 ). Transfection of the kinase mutant into HeLa cells resulted in a level of increased exon inclusion in the minigene indistinguishable from that of the WT BRD4 ( Supplementary Fig. 1A-D ). The finding that splicing is not affected by the absence of kinase activity indicates that BRD4 regulation is not mediated exclusively through its phosphorylation of the Pol II CTD.
Similarly, expression of the BRD4 HAT mutant does not affect the pattern of splicing relative to the wild type BRD4, indicating that histone acetylation by BRD4 is not necessary for its effect on splicing ( Supplementary Fig. 1E -G). Taken together, these results indicate that BRD4 regulation of splicing is a novel function, independent of either of its known enzymatic activities.
BRD4 directly interacts with the splicing machinery
Although the above results demonstrate that BRD4 contributes to determining patterns of splicing, they do not distinguish whether that effect is indirect or direct through an interaction with the splicing machinery. Since previous mass spec analysis of factors that co-immunoprecipitate with BRD4 had identified a large series of splicing factors (21), we sought to validate and extend these analyses. To determine whether BRD4 interacts with splicing factors, HeLa cell nuclear extracts were subjected to immunoprecipitation with anti-BRD4 antibody and the ability to co-immunoprecipitate splicing factors assessed by immunoblotting. As shown in Fig Taken together, these results are consistent with the interpretation that BRD4 contributes to the patterns of alternative splicing through its binding to components of the splicing machinery.
BRD4 and Fus co-localize on the genome
The above results demonstrate that BRD4 interacts with splicing factors, but they do not indicate whether the interaction occurs on chromatin or in the nucleoplasm.
Published ChIP-seq data sets of BRD4 (27) and Fus (10) were re-analyzed to assess the extent of co-localization on chromatin. The analysis revealed that BRD4 and Fus are highly co-localized on chromatin within 1.5 Kb of the transcription start site (TSS) and also across the gene body ( Figure 5E, Supplementary Figure 6 ), consistent with a role in splicing.
BRD4 co-localizes with splicing factors in situ
To directly visualize the association of BRD4 with the spliceosome in situ, HeLa cells were subjected to a proximity ligation assay (PLA) which detects proteins situated within 30-40nm of each other within the cell. As shown in Fig. 6 , BRD4 is detected robustly in proximity to the splicing factors Fus, HnRNPM, U1-A and U1-70, but not with the negative control, nucleolin (Fig. S6 ). Taken together, these results document the colocalization of BRD4 with the spliceosome complex in situ.
Discussion
BRD4 is a member of the BET family of proteins that has been implicated in a variety of solid and hematological malignancies, as well as inflammatory diseases (1) .
Although BRD4 is being actively studied as a therapeutic target, knowledge of its biological functions is still incomplete. It is known that BRD4 serves as a scaffold for a variety of transcription factors, notably the transcription elongation factor PTEFb, delivering it to sites of transcription (28). Importantly, BRD4 plays an active role in regulating gene expression by linking chromatin structure and transcription through its HAT and kinase activities, respectively (2, 3) . In the present study, we have established that BRD4 contributes to the regulation of splicing in both normal and cancer cells. The effect of BRD4 on splicing is likely to be direct since BRD4 is associated with the splicing machinery in vivo and co-localizes with it on the genome where it acts preferentially by modulating exon usage. Based on our findings, we hypothesize that BRD4 functions to integrate the processes of chromatin structure, transcription and splicing to ensure proper regulation of gene expression.
In the normal developing thymus, the stages of thymocyte differentiation -DN, ISP, DP and SP -are characterized by their cell surface expression of the markers CD4 and CD8. We have found that the transitions from one stage to another are accompanied by changes in the patterns of splicing, suggesting that splicing is developmentally regulated in the thymus. BRD4, which is expressed at approximately equal levels in each of these stages (25), contributes to this regulation since deletion of BRD4 results in changes in the splicing patterns, preferentially affecting exon skipping events, but not in expression of splicing factors (25).
Consistent with its role in cancer, BRD4 also contributes to patterns of alternative splicing in T-ALL cells, largely affecting the genes involved in cell cycle regulation.
Interestingly, degradation of BRD4 results in much larger changes in splicing patterns than the inhibition of BRD4 binding to chromatin through its bromodomains. This suggests that BRD4 mediated regulation of alternative splicing does not depend entirely on its binding to chromatin through its bromodomains. Further support for this perspective 11 comes from the observation that blocking of BRD4 bromodomain-mediated interaction with chromatin is largely confined to the promoter regions of genes whereas degradation of BRD4 targets both promoters and gene bodies. Whether it binds to chromatin at gene bodies directly by a bromodomain independent mechanism or indirectly through its binding to either the transcription elongation factors or splicing machinery remains to be determined.
In previous studies, we showed that the BRD4 HAT activity acetylates histones, particularly H3K122, resulting in nucleosome eviction and chromatin remodeling (2) .
BRD4 intrinsic kinase activity phosphorylates Ser2 of the Pol II CTD and is associated with transcriptional pause release (3). Since histone modifications and chromatin structure both have been implicated in regulating splicing, and phosphorylated Ser2 serves to recruit splicing factors (15, 29) , these earlier studies suggested that BRD4 could regulate splicing indirectly. However, mutation of either of its enzymatic activities did not alter the pattern of splicing of the insulin receptor minigene, suggesting that the contribution of BRD4 to splicing is independent of these two activities. Although we cannot exclude the possibility that BRD4 contributes to splicing indirectly, our findings indicate that BRD4 regulation of splicing is independent of either of its enzymatic activities.
Mutations in splicing factors have been reported in a number of different malignancies, including myelodysplastic syndromes, acute myeloid leukemia, lung, breast and pancreatic cancers, pointing to a critical role of splicing in cancer (30-33). The splicing factor, HnRNPM, regulates the splicing pattern of CD44, which is known to play a role in cancer metastasis (34) . BRD4 similarly plays a role in metastasis (35, 36) .
Translocations of the regulator of splicing, Fus, lead to sarcomas (37) . More recently, an analysis of splicing patterns in nearly 9000 tumors revealed extensive alternative splicing associated with transformation (38) . Surprisingly, in some tumors, the extent of novel splicing events was disproportionate to the mutational burden, suggesting that another regulatory mechanism may be at play (38) . Based on our present finding that BRD4 directly interacts with both HnRNPM and Fus, it is tempting to speculate that BRD4, which is frequently overexpressed in cancer, exerts its effect on tumorigenesis and metastasis at least in part through its regulation of splicing. Future studies will be directed at addressing these possibilities.
Methods
Cell culture, Plasmids and Transient Transfections
HeLa cells were cultured in DMEM medium supplemented with 10% fetal bovine serum.
A detailed list of the constructs used for transfections and preparation of recombinant proteins is provided in Supplemental Methods.The Insulin receptor mini gene plasmid was a gift from Dr Stefans Stamm (University of Kentucky) (26). Transient cotransfections of BRD4 constructs with the insulin receptor minigene plasmid were done in HeLa cells using Lipofectamine (Invitrogen), as described by the manufacturer. The transfected cells were harvested after 18 h and analyzed for protein levels and alternative splicing as described below.
Alternative splicing detection using RT-PCR
For mini gene assays, reverse transcription (RT) was performed on purified total RNA using insulin receptor specific reverse primers, as described in Supplemental Methods .
For alternative splicing validation of thymocytes RNA-seq data, 30 ng of total RNA from WT and KO thymocytes (25) was used with gene specific primers (0.1 µM). Primer sequences are shown in supplementary Table S3 . 
Immunoprecipitation (IP) and Immunoblotting
Bioinformatics analysis
Analysis of alternative splicing in thymocyte subpopulation was performed on the datasets reported in Gegonne et al. For BRD4-FUS co-localization analysis (Fig. 4) , the following GEO datasets were used: BRD4 chip-seq samples BRD4-1, BRD4-2 in HEK293T cells using GEO dataset GSE51633 (27) and FUS chip-seq for Si-control, Si-FUS in HEK293T cells using GEO dataset PRJNA185008 (10) . GEO dataset GSE79290 was used for alternative splicing and BRD4 ChIP-seq analysis in T-ALL cells (24). RNA-seq datasets corresponding to the 6 hr time point after JQ1 and dBET6 treatment in T-ALL cells were used for alternative splicing and differential expression analysis.
For RNA-seq analysis, sequencing reads were aligned to the reference genome (mouse: mm10 and human: hg19) with STAR aligner. Differential gene expression analysis was performed with DESeq2; a gene was considered as differentially expressed with its fold-change > 1.5 and FDR adjusted p-value < 0.01, as previously described (25).
Alternative splicing was analyzed by rMATS (39); significant events were defined as events using junction counts with its FDR adjusted p-value < 0.05 and absolute value of inclusion level difference (IncLevelDifference) > 0.1. For ChIP-seq analysis, sequencing reads were aligned to the human reference genome hg19 by using Bowtie2. The duplicated reads were removed and only uniquely mapped reads were used for peak 14 identification. ChIP-seq peaks were called using MACS2 (40) using default parameters.
The enrichment analysis was performed using hypergeometric test.
Statistical analysis
The data are presented as means ± standard deviation (S.D.) of at least three independent experiments. The p values indicate statistical significance, which is obtained using student's t-test (two-tailed, unpaired).
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Hussong were performed with anti-BRD4 and the antibodies for the indicated splicing factors on fixed HeLa cells. PLA with nucleolin was included as a negative control. PLA interaction is shown in red; DAPI staining in blue. 
